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1. INTRODUCTION

Solar cell efficiency is determined by material quality and the ability to fabricate

device structures whose spectral response is well matched to the solar spectrum.!?
Essentially, the optical response of the semiconductor provides a fundamental limit to
cell performance while the cell geometry and doping profiles impact the efficiency
through the design details of the structure. |

These limitations have resulted in investigations of multi-bandgap cells which
make more efficient use of the solar spectrum by extending the spectral response of the
cell. For a two-bandgap cell with energy gaps of ~1.64 eV and 0.96 eV, the ideal
efficiency is 38% and 50% for 1 and 1000 suns concentration, respectively. Calculations
also predict that the efficiency increases with the number of bandgaps and reaches a
limit of 72% for 36 bandgaps.® However, because of this complexity, and the fact that
the increase in efficiency for each additional cell is small, multi-bandgap cells are not
economic. Also, it should be noted that even the two-bandgap cascade solar cell is a
relatively complex structure, requiring several changes in alloy composition ar:.d doping
levels in order to fabricate both solar cells and the connecting tunnel junctions.

In this program we have investigated the theory and technology of a novel
heterojunction or superlattice, single junction solar cell, which injects electrons across
the heterointerface to produce highly efficient impact ionization of carriers in the low
bandgap side of the junction, thereby conserving their total energy. Also, the
superlattice structure has the advantage of relaxing the need for perfect lattice
matching at the p-n interface and will inhibit the cross diffusion of dopant atoms that
typically occurs in heavy doping. This structure avoids the use of tunnel junctions
which make it very difficult to achieve the predicted efficiencies in cascade cells. Thus
it should be possible to obtain energy efficiencies that are competitive with those
predicted for cascade solar cells with reduced complexity and cost. Finally, we note that
this cell structure could be incorporated into other solar cell structures designed. for

wider spectral coverage.

o meoee e o e i womp o e [T T T A A T L SRR T



2. TECHNICAL PROGRESS

2.1 Calculation of Hetercjunction Avalanche Solar Cell Efficiency

In 1980, Pearsall suggested the use of an abrupt p*-n-n* heterojunction as a
means to extend the spectral response of a single junction solar cell and to obtain
higher energy conversion efficiencies.* In the proposed scheme, shown in Figure 1, the
energy gap of the p-side junction is more than twice the bandgap energy of the n-side.
Thus the photo-generated electrons on the p*-side are injected by the internal electric
field over the heterointerface into the low bandgap layer. Because they experience the
full difference in energy gaps, impact ionization occurs and a photo-current gain of two
is realized. Thus the energy of the electrons in the wide bandgap region is conserved
by adding it to the current generated by the low bandgap side of the junction. The
efficiency of the electron injection process is determined by the quality and abruptness
of the hetercjunction which must be shorter than the phonon scattering mean free path,
~100A. ‘To achieve this transition requires that both the compositional gradient, and
the depletion lengths induced by doping, are considerably less than 100A. {&brupt
changes in both alloy composition and ‘doping concentration can be obtained over
distances much less than this (<20A) by molecular beam epitaxy growth provided
sufficient control is obtained over the technique. Also, Pearsall has shown that the
depletion lengths in most semiconductor materials of interest are <304, for doping
concentrations of 2-3x10'"%cm3, Thus it appears that the concept is technically feasible,
and requires detailed modeling studies in order to estimate the theoretical increase in
efficiency that is possible with this cell design and also to develop the best cell geometry
for approaching the theoretical limits.
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Figure 1. Energy level diagram for heterojunction solar cell.



2.1.1 Model Calculation for Homojunction

To estimate the potential benefits of the scheme proposed by Pearsall we apply
the scheme used by Henry® to calculate the limiting efficiencies of ideal single, and
multiple, energy gap terrestrial solar cells. This approach calculates the efficiency by
only considering the two intrinsic loss mechanisms which limit the efficiency of an ideal
solar cell. The first intrinsic loss mechanism is the inability of a single energy gap cell
to properly match the broad solar spectrum. Photons with energies hv, less than the
bandgap energy, are not absorbed and solar photons with hv > Eg generate electron-
hole pairs which very rapidly lose most of their energy in excess of E to optical phonon
scattering. The second major loss is due to radiative recombination by the cell. The
rate of radiative emission increases exponentially with the applied bias energy eV,
where V is the voltage developed across the load.

The many extrinsic limitations that are not considered in this calculatlon include
losses due to reflection, contacts, series resistance, absorption in window layers,
incompléte photon collection, nonradiative recombination and cell heating.

To avoid excessive complications the calculation is only performed for an
extraterrestrial air mass 0 spectrum which is approximated by a 5800 K blackbody
spectrum (Figre 2). Thus the solar flux Ny(E) (in photons ¢cm?s?) is calculated as a
function of bandgap energy, E, using the formula

n(E) = ! e_j’n‘;‘i dv m
Here it is assumed that the semiconductor is opague for photons with energies greater
than Eg, and transparent for photons with energies less than E;. Consequently the
number of photons absorbed by a semiconductor with bandgap Eg is given by

integrating Equation 1 for all energies above Eg; i.e.

n(Ey = E[ %’ibrzf dE 2

g
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Figure 2. The 5800K blackbody radiation spectrum used for these calculations.
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The area under the n,,(Eg) vs. Eg curve is therefore equal to the total solar cell power

generated per unit area, i.e.

; | = s iy dn" . (3)
P L’Bﬁ[aﬁg] dE,

To be able to calculate the efficiency of a solar cell it is first necessary to

determine the maximum work that can be done by each absorbed photon. The total
current density, J, delivered to the load of the cell is the sum of the current densities
produced by the solar (Jph) and ambient thermal radiation (J,), minus the current
: density (J..,) lost by radiative recombination from the top and bottom surfaces of
j the cell. Thus

g - V’J = Lt = (4)
%
where;
Jop-= Qg s ‘ ®
J, = Auexp(—~Ey/kT,) ©
and,
Tt = AEXN(qV ~EQ/IKTy ™
In these equations
P +1) EGkT
A, = i'.(__.m%,??__ = 5693E%Acm™

T is the suns temperature, Ty is the ambient temperature, n is the semiconductor

refractive index, E; is the bandgap energy in electron volts, q is the electron charge,
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k is Boltzman’s constant, % is Plank’s modified constant and c is the velocity of light.

Substituting in Equation 4, therefore, gives the total current as:

J = qn,+ Aexp(~Eg/kT) = A, £xp(qV ~EQ /KT) ®

The open circuit cell voltage, V,,, is then found by setting J = 0.

V, = kT-ln[l +_“""q_ﬂmf'(,E.__?).1 ] ®)

Next the maxin.um power point, (J,, V.), is found by sei;ting dJV)/dV = 0. This
calculation gives

= eV — Ve (10)
eV, = eV, kﬂn[l-i-mJ
and

J = ‘I"pae (11)

From these calculations the work done per absorbed photon, W, is obtained from the

equation

W= Inn | (12)
" pb

The cell efficiency, 7, is then given by the expression

g = 100N, W (13)

where N, = n,;,(0) from Equation 2, and is the total number of photons captured from

the sun by the solar cell.



2.1.2 Numerical Procedure and Results

The numerical calculation used to obtain the cell efficiency as a function of
bandgap energy and also sun concentration then proceeds as follows. Equation 2 is
used to obtain the number of photons emitted as a function of bandgap enérgy (Figure
2). From Equation 2 the number of photons absorbed by a semiconductor with
bandgap energy, E, is then calculated from E; values between 0 and 4 eV. This curve
is labelled the 100% line in Figure 3. The integration of Figure 3 is next performed to
obtain the total solar power per unit area. Finally, for each bandgap energy, Fsolutions
are found for V,,, Vo, J.,, and W. The dependence ‘of W on E; is also shown in Figure
3. As discussed by Henry Figure 3 can be broken down into four areas. The area
labelled hv<E; is identified with photons that are not absorbed and which, therefore,
can make no contribution to the power generated by the cell. The area labeled hv>E
is identified with the work lost from photons with energies above E; which is dissipated
as heat in the cell. The area labeled W<E; is attributgd to work lost because of
radiative recombination from the cell. Finally the last (unshaded) region equals the
power per unit area delivered by the solar cell to the load.

The ratio of this area to the total area under the 100% line gives the efficiency
of the cell for one béndgap energy. By calculating this area as a function of energy the
dependence of # on bandgap energy is obtained as shown in Figure 4. From this curve
both the bandgap energies required to maximize and the value of the peak efficiency
are found. 4

Figure 4 shows the calculation performed for sun concentrations of one and a
thousand (C = 1 and 1000) and indicates that efficiencies of 28.8% and 34.9% should
be obtained for bandgap energies of 1.35 and 1.25 eV, respectively. Henry’s results
which are for the actual measured solar spectrum give efficiencies of 30% and 37% and
bandgap energies of 1.35 and 1.25 eV. Because for the actual measured solar spectrum
energy is lost from the low energy side of the spectrum, due to water absorption,
Henry’s calculation slightly favors higher efficiencies and bandgap energies. Thus our
calculation is in very good agreement with Henry’s results. Furthermore we have also
extended this calculation to multiple bandgap cells and obtained very close agreement
with Henry’s data.
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To investigate the heterojunction avalanche photodiode solar cell it is necessary
to; (1) incorporate into this theory the greater collection efficiency expected from the
use of two bandgap energies and the impact ionization phenomena, and (2) to fully

consider the effect of the electrical properties of the heterojunction on cell performance.

2.1.3 Model Calculation for Hetercjunction

In the heterojunction solar cell proposed by Pearsall and shown in Figure 1 light
enters the p-n diode from the wide bandgap side. Thus photons with energies greater
than Eq; are absorbed by the top p-type layer and photons with energies between Eg,
and Eg, by the smaller bandgap n-type layer. When E¢,22E; a photon excited electron
in the wide bandgap material has sufficient potential energy to impact ionize a second
electron-hole pair on the low bandgap side of the cell as it crosses the interface. Thus
for 100% ionization the effective quantum efficiency of photons with energies greater
than Eg; is two. However, it should be noted that the open cell voltage of the
heterojuhction is still limited by the smaller bandgap material.

The effective increase in photo-collection efficiency for this cell structure is then
given by: .

B EgAvEy d npb ® dﬂpb (14)
Mol Eg) = ! —aE-'dE"'g'L-aE'dE

Where ¥ is the ratio of the bandgap energies (E¢, to E¢y) and g is the impact ionization
efficiency. Thus

_.EGZ
L -

Gl

=2, (15)

and
1< g=s2. (16)

To calculate the efficiency of this structure the same procedures as discussed
previously were used. Except that in this calculation Equation 2 is replaced by
Equation 14 and the open cell voltage is calculated only for the small bandgap (n-type)

side of the cell, as this controls the built-in voltage of the heterojunction.
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From the discussion presented below we believe that this is a good approxima-
t* ‘n to the actual situation. In Figure 5 we show schematic representations of the band
edge alignments for, an undoped heterostructure, an unbiased p-n heterojunction and
an optically (forward) biased p-n heterojunction for the following conditions AE, = 0,
AE, =0, AE, > 0, and AE, = E,. Also shown are the structures uhder an optical bias
Voo (Eg - Eg), where Eg, and Eg, are, respectively, the Fermi-levels in the n- and p-type
material. The maximum possible value of V,,is at th;a valance flat band position, when
there is alignment between the top of the valence bands on both sides of the junction.
If V.. should increase above this value then the valence band on the p-side of the
junction will become lower than on the n-side of the junction and start to reduce the
hole current. Note that for the flat band condition shown in Figure 5 the band
alignment condition AE, = 0 gives the least impediment to current flow. Also Figure
5 shows the requirement that AE, equals Ag, is met when Eg; = 2Eg,; at flat band, but
that if this condition is not realized, then for some conditions of optical bias the
condition AE, > AE, can be realized for bandgap energies Eg;, smaller than 2E,.
Finally we note that because the valence band heavy hole effective mass, which controls
the magnitude of E, is not strongly dependent on bandgap energy, calculating V. for
a single bandgap cell is expected to be a good approximation to the heterojunction
situation.

2.1.4 Heterojuniction Results

Figure 6 shows the efficiency calculation for the superlattice avalanche
photodiode solar cell as calculated by the above approach. In this calculation ideal
collection conditior 3 are assumed and values of y=2 and g=2 are used. For both 1 and
1000 suns concentration little enhancement is observed for cells with bandgap energies
greater than 1.8 eV. This is because as shown by Figure 2 there are very few photons
with energies above 3.6 eV. However, as the energy gap decreases below 1.8 eV more
photons with energies greater than twice the bandgap energy are absorbed whit,;h can
impact ionize and double the effective number of electrons contributing to the

photo-current. Figure 6 shows that as Eg goes to zero the total gain in the effective

12
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number of carriers collected is doubled in the APD-solar cell design. This improvement
in collection efficiency occurs for both 1 and 1000 suns concentration factors. The
figure also demonstrates, when compared to Figure 3, that for low bandgap energies the
effective work done by the cell increases due to the increased photon collection. This
effect is very pronounced for high (1000) suns concentration as shown by Figure 6b.

The dependence of the efficiency of the APD-solar cell on the bandgap energy,
Eq;, of the smaller bandgaﬁ is shown in Figure 7. From these curves it is shown that
for a sun concentration of one a maximum efficiency of 35.3% is obtained when Eg, =
1.15 eV. For a sun concentration of 1000 the efficiency increases to 45.4% for a bandgap
energy of 0.95 eV. A comparison between Figures 4 and 7 shows that for bandgap
energies greater than 1.8 eV both the conventional and avalanche solar cell have the
same efficiencies. Thus it is only for smaller bandgap cells with values of E¢,; less than
1.8 eV that appreciable increases in performance are realized.

We also show in Figure 7 the effect of decreasing the multiplication ratio from
2.0 to 1.5 in steps of 0.1 for a concentration factor of 1000. As shown both the peak
efficiency and the optimum bandgap energy decrease uniformily towards the curve
shown for a simple homopolar junction. Basically, therefore, the avalanche photodiode
solar cell collects twice the number of E;; photons for ideal (y = 2, g = 2) conditions
and responds in a similar manner to increasing the collection efficiency. In Figure 8
the reverse effect of changing the bandgap ratio, g is shown for the maximum
multiplication ratio, y = 2. As shown a 10% variation in this value has approximately
a 1% change in the total efficiency, from 46.5 - 44.5%, but produces little change in the
optimum value of Eg;.

A more practical calculation which takes into account the nonideal electrical
characteristics of a solar cell was also investigated. For this situation the diffusion and
generation - recombination currents must be included. As discussed by Landsberg and

Evans’® the total current now becomes;

(R
(%4
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J= n b+Ae-Eq/kT_Ae(eV-E,,)/t7'
P

5 —Af VT ~1) A Vy = V) (VT — 1) an

_A, (eMT — gviTy(gViT 1)
7 ( V= W)¥

where:

A, = 2qq¥(Bn,,+B,P,)kTA,
in which '
A _ 1[—;6 (N, +N.,)
D

is the deﬁletion wide of the device.
In the above the diffusion coefficients are given by:

Dy, . 90,P., KTu .
AD=1.LZP.."+.?_EP._.;D=._‘I_T7‘,L=;/I-5F

n P
= "’ﬂm"?f*g + q""’"}@?‘fﬁm

4 = Kn*+DEGKT
e

q’ Pb+A;E‘IkT+ AD

VOG = k' -
AT A

Note that Auger terms are not included in this analysis.

AR = ?’IZBRAW
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Note: ideal V,, ignores diffusion currents: Ay = 0,

P, = JV = Vp,+ VA e ikt — olV-EILT)

—VALeVET ~1) =VAL V, - .V)m(emr..l)

- _25( Vg~ V)12 eVt VIRT _ cdvikT . @VilkT . er,

maximize power by fﬁ;pﬁo

0= ang) = qn,+ AleEAT — glV=EaiT)

VA

.._‘;? V=BT _, Af VT =1y — D gVikT

~AL Vo= V(e =) + LRy, - g -y

-2 (Vo= Vya(enT 1)
A

- 7@( V= V) ~12[ (Vo + VAT g2 vieT -Vt 4 gVvikT)

- VAA( V,-V) =3[ @Yot VKT . @2VILT . gVWAT 4. eviT)

- VAA( V=V -«m[e(".ml" — VKT o gV/KT . eviT)

The above equation is solved by the Newton Raphson method, which requires

the derivative of the function, i.e., 2.‘2_‘(347‘2 . This is given below as:

19



f = %IV
-4

o

= "M g-vir .. A G=B+VIKT _ A -EAT
o 1 : LA -
A A | |
...ﬁ e-'VIk'I‘__ﬁ_.AR [( VB - V)—lﬂ(o-Vlt'I ....1) + flf( VB__ V)m]
_'kl'IA“( V,=- V)me'*V"T-ARV[%( V= V)-3(g-ViT - 1) ~m7517( V,~V) -we-vnr..z_‘];__l( V,-V) -m]

...‘%“ [‘é( Vy=V) 4 é( Ve V)"Jl?-.}.gv( V, - V)-sn} (VAT _g¥iT _ glVe= Vit 1 )

'“21;'}[( V= V) 12412  V, = V) ][ =1eViT 4 1¢Vs=VIKT)

-'2;“7[( Va -V)124+12 VB -V) -M][eVJW ~2eViT 4 1]

+A, N V= V)" 2(k|T)2eVkT

Using these equations the same calculations as described before were performed.
These studies showed that the same results are obtained provided the n- and p-type
concentrations forming the junction are no greater than 10'7cm*® and 10!Scm3,
respectively. Although these carrier concentrations are easy to realize to optimize the
junction characteristics they will result in very high contact resistances to the device.
Thus it will be necessary to control the profile in these devices such that the above
carrier concentrations can be maintained in the active photo-collection region of the
junction and also increased to values of »10'%m near the contact areas. This would
allow independent optimization of the photoconductive properties of the cell where
photons are absorbed and the electrical properties of the structure where connections
are made to the external circuit. Further optimization of the solar cell can also be
achieved with the use of hetero- (wider-bandgap) layérs for the contact regions. The
inclusion of the Auger terms would place even more stringent requirements on material

properties,
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22 Experimental Investigations
From the theoretical analysis performed in the previous section it was shown

that a conduction band offset of 0.8 to 1.0 eV was required to optimize the efficiency
of a heterojunction avalanche photodiode solar cell. Possible material combinations
with the required energy gap range under closely lattice matched conditions are;

AllnAs/GalnAs (a = 5.8A, Fg = 1.6 - 0.7 eV)

AlInSb/GalnSb (a = 6.26A, Eq = 1.6 - 0.4 eV)

CdMnTe/HgCdTe (a = 6.48A, ®y = 2.3 - 0 eV)

MnHgTe/MnHgTe (a = 6.45A, Eg = 2.3 - 0 eV)

ZnCdTe/ZnHgTe (a = 6.22A, E, = 1.9 - 0.8 eV)

Of these materials, only a few are presently known to satisfy thie requirement that the
energy gap discontinuity occur principally in the conduction band. The most promising
materials are the CdMnTe/HgCdTe, and the MnHgTe/MnHgTe systems. In the
Hg’l‘e-OdTe gystem the valence band offset has been measured as 40 meV from optical
measurements on SL structures,” and 0.35 eV from photoemission studies® on HgTe
layers grown on CdTe. Despite the discrepancy these results both show that the
concept can work in this and the CdMnTe system. For values of Eg = 1.7 eV and
Eqz = 0.8 eV a barrier height of ~1 eV will be needed in the conduction band, and the
valence band offset will be <0.17 eV under the worse possible circumstances. This is
not expected to be a serious block to hole transport in this structure. However, these
material systems are not sufficiently well developed to grow these structures.
Conversely for the AllnAs/GalnAs and AllnSb/GalnSb systems whose material
properties are technolozically well advanced, and which are close to fulfilling the
required conditions, the energy band difference does not occur principally in the
conduction band. Capasso et. al., have proposed the doping interface dipole technique
in which thin n- and p-type doping layers are placed on either side of the interface as
a means of altering band edge alignments.® Thus, in this program an experimental
study was undertaken of the materials technology required to control band edge

alignments, so as to determine if this group of materials can be used for the above

applications,
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Because it may also be necessary to use slightly lattice-mismatched alloys to
achieve the required energy gap alignments and to use lower n- and p-type doping
concentrations which will produce longer depletion lengths a variable spaced
superlattice was proposed as means of providing a method to inject electrons across the
heterojunction. This structure was recently proposed by Summers and Brennan'? and
is shown in Figure 9 under zero and reverse bias. It consists of a variably spaced
superlattice formed from alternating layers of a semiconductor of bandgap Eg and a
larger bandgap semiconductor or insulator of bandgap Eq;. These materials form the
quantum wells (QWs) and barrier layers of the structure respectively, and must satisfy
the céndition that the conduction band edge discontinuity (AE,) be large.

The SL structure is designed such that under reverse bias the levels in each QW
are closely aligned with each other, and with the conduction band of the high gap
meterial, This energy level scheme is obtained by a judicial choice of well thickness and
barrier widths, such that electrons can tunnel through the first thin insulator layer into
the first 'QW of the SL and then continue to resonantly tunnel from one QW to the
next. Thus electrons are injected into the conduction band of the active semiconductor
layer at an energy E,; above the conduction-band edge, where E, is the energy of the
first sub-band in the'lastj, quantum well. Throughout the structure, the QW widths are
designed such that the bound states lie at an energy equal to the voltage drop between
any two adjacent wells, and the barrier widths are optimized to enhance the resonant
tunneling between adj acent wells. Thus the VSSEF device affords high-energy injection
by providing a tunneling channel in a biased superlattice. An additional and equally
important feature of this structure is that the distribution of hot electrons is nearly
monoenergetic about the injection energy, thus greatly enhancing the efficiency of the
impact ionization process.

The predominant carrier transport mechanism within the SL structure arises
from resonant tunneling between the aligned quantum levels in adjacent quantum
wells. Efficient high-energy injection is obtained by reducing the energy lost to phonen
processes by channeling the electrons between adjacent quantum levels. Therefore,
they cannot lose energy to phonons since no states are available for the electrons to be

scattered into. The SL provides an alignment of successive quantum levels such that
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the electrons continuously gain potential energy (the applied or built-in electric
potential inverts the superlattice) until they are finally injected into the active
semiconductor region at high kinetic energy. Upon injection into the semiconductor,
the distribution is initially monoenergetic, broadened only by the quantuin mechanical
energy broadening of the levels. |

In principle, the structure can be incorporated into either a PIN device or a
conventional MIM structure. In the former case, it acts as a minority carrier device and
has applications to optical and infrared detectors, and solar cells, whereas in the latter
situation it behaves as a majority carrier device, thus enabling high electron densities
to be injected into an "active" semiconductor layer. The critical issues concerning the
operation and efficiency of the structure are therefore, the number of source electrons
that can be injected into the SL, the width of the quantum wells required to produce
the spatial quantization levels, the barrier widths needed to obtain effective resonant
tunneling and the spatial and energy distribution of the electron population injection
into theflow-potential side of the structure. To accurately design these structures
Brennan and Summers have recently developed a comprehensive resonant tunneling
calculation for a biased SL! which vras used. for designing test structures. Essentially,
this model correspoxids to the Tsu and Esaki scheme,!? but under bias.

From the above device description it is apparent that the VSSEF structure can
be used as the electron injection structure for a p-n heterojunction (or conversely as the
hole injection stfucture for a n-p heterojunction). The application of this concept to the
heterojunction avalanche photodiode solar cell proposed by Pearsall is shown in Figure
10. For zero electrical and optical bias the band structure and band edge alignments
will be determined by the continuity of the Fermi level throughout the structure, and
thus the p- and n-type doping levels in the high and low band gap regions, respectively.
Under optical illumination, the photon-excited electrons on the p-side will initially
tunnel through the VSSEF by phonon-assisted tunneling. On emerging from the
VSSEF structure into the n-side of the heterojunction the electrons will have an energy
which has been designed to equal or exceed the threshold energy required to initiate |
impact ionization. For most III-V and II-V] semiconductors in which the hele effective

mass exceeds the electron effective mass, this is approximately 1.1 Eg,. By this
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means, the energy absorbed from high energy photons will be conserved. As a result of
the current flow and external circuit, the band edge alignments will change until the
steady state condition shown in Figure 10 are attained under full optical bias. For this
condition the band edge alignments will result in the VSSEF structure becoming fully
aligned, such that electrons will resonantly tunnel through the p-n interface into the
low bandgap side of the junction.,

- As indicated by the figure, a solar cell effectively operates under forward bias
conditions which are induced by the incident optical flux. This alters the energy band
alignments between the two sides of the heterojunction, a fact that was not considered
by Pearsall. From the analysis performed in Section 2.1, the highest efficiency is
estimated to occur when E; = 1.7eV, Egy = 0.8 eV and V., = 0.7-06V, and
demonstrates that the barrier height for a viable structure are <1.0 eV. Possible
efficiences can exceed 40% which makes this concept competitive with other proposed
structures. It is also possible that higher efficiencies can be obtained by incorporating
this concept with other methods of enhancing cell efficiency; or by possibly using a
three bandgap cell.

Essentially the advantage of the VSSEF structure over a simple heterointerface
is that it provides a conductive path for electron transport through the interface which
can be made less abrupt. Thus electronic depletion effects are minimized, and if
necessary, the transition region can be made longer by putting an intrinsic region
between it and the doped regions so as to affect a smoother transition. This can be a
very important factor in cell design. In the heterojunction scheme proposed by Pearsall
high doping concentrations are needed to make the depletion length at the hetero-
interface less than the phenon scattering length. However, high doping concentration
also reduce the lifetime, mobility, and therefore the diffusion length of minority
carriers,! Thus the collection efficiency of the junction can be reduced.

The VSSEF structure can, therefore, be used to minimize this conflict and also
has the advantage that the built-in field acts on the carriers so as to accelerate them
across the junction thereby moving them further from the junction interface. The
transition region provided by the VSSEF also has beneficial effects in crystal growth.

For example, the n-and p-type doping regions can be separated by a greater distance,
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thus minimizing profile broadening effects which can spoil the heterointerface due to
impurity trapping. Also the VSSEF structure will act as a block to impurities and
dislocations, and can be used to accommodate the rigorous requirement on lattice
matching across the interface. This effect will greatly reduce the formation of interface
traps which can provide a significant recombination path for the photo-generated

electron-hole pair population.

2.2.1 Material Growth

Because of the need to obtain very abrupt and perfect interfaces for the
heterojunction and VSSEF structures to be investigated in this program considerable
effort was spent at the beginning of this program in refining MBE growth techniques
and in developing a reflection high energy electron diffraction (RHEED) capability. As
discussed by many investigators this is a powerful insitu characterization tool which
can be used to both set up optimum growth conditions and to provide insitu
measurements of the growth rate,

In this technique a 10 KeV electron beam is directed at a shallow angle to the
growing crystalline surface such that the diffracted and reflected electrons form a
pattern on a phosphor screen. The diffracted pattern can be related to-the surface
conditions such as crystallinity, surface composition, etc. Also the specular reflection
beam during crystal growth exhibits an intensity oscillation which is indicative of layer
by layer deposition of a thin film. As an example, Figure 11 shows the growth of
GaAs, AlAs and AlGaAs during the deposition of 10 monolayers (ML) of material.
From these figures the following information can be obtained.l.

The growth rate can be measured directly and instantly during deposition. In

Figure 11 the growth rates are

Reans = 0.505 ML/sec
Raa = 0.219 ML/sec
RAl‘Gal,an = 0.746 ML/sec
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2. The Al mode fraction can be obtained directly from the relationship

X= R =0.302

Ry e,

3. Because the oscillations are directly related to the atomic layer deposition of the
material, they can be used to grow guantum well structures with precisely
known and predetermined widths and composition profiles.

The RHEED technique was also used to determine the optimum conditions for
obtaining very smooth and planar interfaces. As can be seen in Figure 11 the
amplitude of the RHEED oscillation decreases with time, i.e., the monolayers growth
becomes less well defined as the deposition progresses. This is attributed to the
roughening of the growth surface by the generatioh of many small islands. Essentially
before the complete growth of one monolayer, island sites occur on the top of this layer
and act as nucleation centers for the initiation of the next monolayer of growth. Hence,
the maximum intensity never recovers to its original value. However, as shown by
Figure 11, when growth is terminated by interrupting the Ga flux after many
monolayers of growth, the specular Spoé ixitensity increases and approaches a value
close to its original intensity. This effect is attributed to a smoothing of the surface by
the surface diffusion of the atoms forming the island nucleation centers to the edges of
each monolayer. Thus the surface becomes smoother and under the right conditions
can produce very flat interfaces. This effort is very important for fabricating high
quality multiple quantum well and superlattice structures.

The signal recovery time, i.e., the time required for surface smoothing has been
shown to be very dependent on substrate temperature, and on the species of the group
III element impinging upon the surface. Figure 12 shows the signal recovery for AlAs
at 600°C and indicates that the AlAs surface shows no recovery effect at all. Thus, Al
atoms on an AlAs surface at 600°C have no significant surface mobility. This figure
provides an understanding for the accepted practice of growing AlAs on GaAs to obtain
a sharp interface, rather than the reverse process. In order to investigate if higher Al
surface mobilities could be obtained RHEED oscillations were studied at higher
substrate temperétures. As observed from Figure 12 little effect was detected until a
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temperature of 690°C was reached. At 700°C a strong increase in the RHEED

intensity was observed within 10-20s and was attributed to surface smoothing, due to

the high surface difﬁ}sion of Al. Thus for AlGaAs growth a more planar surface or
interface is expected to be obtained at 700°C than at lower temperatures. For growth
temperatures above 650°C it has also been reported that the Ga sticking coefficient
decreases rapidly with increasing temperature and at 700°C and 750°C has values of
approximately 0.76 and 0.50. Thus although more planar surfaces are obtained at
700°C the strong dependence of growth conditions on temperature requires very high
temperature stability and accurate measurements of growth rate. From this analyses
the following growth procedure was used to grow AlGaAs/GaAs multiple quantum well
structures. The GaAs was grown at 600°C and the AlGaAs at 700°C with the growth
being interrupted for 60s at each interface. This allows both the substrate temperature
to be changed, and the surface to smoothen. At both of these growth temperatures
accurate growth rate measurements were made using RHEED oscillations. Since the
AlGaAs 'surface recovers upon interruption of growth, the migration of Ga atoms is
attributed to the observed smoothening of the surface. This indicates that the
deposition of AlGaAs on GaAs provides a sharp and smooth interface, while GaAs on
AlGaAs will produce“a rough interface, as has been previously suggested.

2.2.2 Variably Spaced Super Structures

Using the theory described previously to design VSSEF structures capable of
‘injecting electrons at relatively high voltages between 0.5 and 1.0 eV shows that very
narrow quantum well widths are required and that for this situation the control over
energy level positions becomes more difficult. It is, therefore, necessary to investigate
structures in which resonant tunneling can be achieved between higher energy states
in a quantum well, as then higher injection energies can be obtained for wider quantum
well widths and more control is obtained over the VSSEF design. To date resonant
alignment in these devices has only been observed between the n=1 levels in each
quantum well, In this task of the program, therefore, a theoretical and experimental
study was made of resonant tunneling in VSSEF structures in which alignment was

designed to occur between the n=1 states in the first quantum well and the n=2 states
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in the second and third quantum wells, For these designs the same material
parameters and theoretical calculations were used as described in an earlier publica-
tion!? Also all length parameters were calculated in multiples of the (001) layer
atomic spacing, 2.8267 A, so as to correspond to a practical situation.

In previous modelling studies it was found that a barrier width of 50,88 A (18
ML) was the near optimum value to use for these structures, For narrower barrier
widths the interwell interaction between energy states in adjacent quantum wells
becomes strong enough to prevent close alignment, Essentially, as the levels are
brought into alignment by the applied field, the overlap between the wave functions in
adjacent quantum wells produces a strong repulsion between the symmetric and
antisymmetric states of the structure which can separate these states by as much as 0.1
eV for small barrier widths. For barrier widths greater than 50.88 A the separation
between the symmetric and antisymmetric states was typically less than 0.005 eV, but
the transmissivity of the total structure decreased rapidly for larger barrier widths,
Thus inyﬁhis work all barrier widths were kept at a constant value of 18 ML, although
values of 18 *+ 4 ML can be acceptable in multiple quantum well structures. The
calculation was performed for Al,Ga,  As barriers with an x-value of 0.35 corresponding

~ to a conduction band discontinuity of 0:27 6V and the band parameters given by Adachi

and Miller, et.al.,'4 i.e., electron effective masses of 0.067 m, in the GaAs QWs and 0.096
m, in the AlGaAs barriers, with nonparabolicity factors of 0.61 for GaAs and 0.484 for
AlGaAs. ' ‘

The first structure to be designed was, a two-well VSSEF in which the n=2 level
in the second QW aligns with the n=1 level in the first QW under the appropriate bias,
which was chosen to be 0.2 volts. This structure is shown in Figure 13 and demon-
strates that resonant alignment is predicted for well widths of 67 84 and 98.93 A (24
and 35 ML) respectively, for a Al 3;Gag¢A8/GaAs quantum well system. For a two-well
VSSEF structure in which the resonant tunneling alignment was designed between n=1
states for a bias of 0.2 V the first and second well widths were 59.44 and 31.09 A (21
and 11 ML), respectively. Thus a considerable increase in the total length of the
structure can be obtained by using the n=2 state in the second well. Also because less

voltage has to be dropped across the first quantum well, its width is increased because
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a lower energy level state is sufficlent to achieve alignment with the lowest conduction
band emitter states, The transmissivity of this structure as a function of the incident
electron energy is shown in Figure 14 and peaks with a value of 104 at 0,02 eV, This
value equals that obtained for the two-well VSSEF in which alignment is between the
n=1 states in the first and second quantum wells, and demonstrates from a theoretical
viewpoint that using higher quantum well states does not compromise the effectiveness
of these structures. However, the observation of resonant tunneling in this structure
does not necessarily experimentally confirm that electrons will be injected from the
structure of an energy of 0.2 eV, Because electrons can dnly tunnel from the E, ; state
into the E,, state when the two states are brought into alignment by a bias voltage of
0.2 V, it is impossible from the I-V characteristic to distinguish if an electron in th